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The objective of this research effort was to conduct an

experimental program to determine the dynamic shear response

of dry sand/concrete interfaces. A series of dynamic direct

shear interface tests was performed using Yuma and McCormick

Ranch sands in contact with concrete. Each concrete

specimen was cast against a plywood form. These experiments

were conducted using various values of normal stress,

shearing velocity, and sand density.

Results obtained from the experiments indicate that

peak strength of the interface was not rate dependent, while

residual strength decreased with increasing shearing

velocity.

Interface strength was found to be 100% to 108% of the

strength of the surrounding sand. Theoretically, the

interface strength is limited by the strength of the sand.

This discrepancy is attributed to experimental error.

It is recoumended that the strength of a dry sand/rough

concrete interface be modelled using a Mohr envelope with a

friction angle of 90% to 100% of the friction angle of the

sand. This Mohr envelope should also be modified to model
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the curved envelope of typical sands when large ranges of

normal stress are anticipated.

It is also recommended that post-failure response be

modelled by a perfectly plastic model when high magnitude

normal stresses are considered. While post-failure

softening was found to be dependent on sand density and

deformation rate, as well as normal stress when low

magnitude normal stresses were applied, a near plastic

behavior was observed beyond normal stresses of 2.5 MPa.
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CHAPTER 1

INTRODUCTION

The stress-strain behavior of soil/concrete interfaces

during applications of impulsive loads is of considerable

interest to structural engineers. Examples of these include

structural foundation motion due to seismic shock, strength

requirements of concrete piles during pile driving, and

shear stress transfer to buried structural components

subjected to blast loads. Of particular interest in this

study are the effects of blast loads on dry sand/concrete

interfaces, but the theories presented herein are basically

the same for each of the three previous examples.

As can be seen in the example in Figure 1.1, a blast

load on a buried silo structure will generate stress waves

propagating through the structure and the surrounding soil

mass. These two stress waves will travel at different

speeds due to the differences in the properties of the

materials. In general, the stress wave speed in concrete

will be greater than the stress wave speed in soil. Thus,

differential shear deformation at the interface will occur

during the stress wave passage in the structure, and again

during the stress wave passage in the surrounding soil mass.

The shear behavior for sand/concrete interfaces may be

affected by a number of factors. These include applied

r %
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Figure 1.1 Typical Soil/Structure Interaction
Problem: Blast Load Conditions

normal stress, soil density, water content of the soil,

roughness of the concrete, soil particle diameter, loading

rate, and individual material properties of the soil and

concrete being modelled.

There has been a substantial amount of research

conducted in the pre-failure to failure regime of stress-

strain behavior of soil/structure interfaces, but post-

failure response has not been discussed in the majority of

these studies. While post-failure response is generally not

a concern in conventional elastic analysis, both pre-failure

behavior and post-failure behavior must be considered when

high magnitude loads are involved. T- addition, variations

in the load rate have not been fully addressed. As noted

previously, shear deformations induced by shock wave
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propagation will occur at different rates due to the

different wave speeds in the materials considered. This

leads to the question of rate effects on interface behavior.

The objective of this research is to conduct an experimental

test program in order to determine the effects of load rate,

normal pressure, and sand density on the pre-failure and

post-failure shear response for sand/concrete interfaces.

The results of these experiments will be used to

reconend appropriate soil/structure interaction parameters

for use by personnel in the Civil Engineering Research

Division at the Air Force Weapons Laboratory (AFWL),

Kirtland Air Force Base, Albuquerque, New Mexico. Engineers

at the AFWL use the computer program SAMSON2 to model

soil/structure interaction. The SAMON2 computer code is an

explicit dynamic finite element program which uses sliding

elements (or slidelines) to model dissimilar material

interaction. Test results provided in this report will

provide a better understanding of sand/concrete interface

behavior.
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CHAPTER 2

LITERATURE REVIEW

In order to properly present past research associated

with dynamic soil/concrete interaction, this literature

review is divided into two sections. The first section

describes literature associated with the testing of sands

under dynamic load conditions. Although soil behavior alone

does not dictate the response of a soil/concrete interface,

it is generally concluded by most researchers that the

properties of the soil contribute most significantly to the

interface response. The second section deals specifically

with previous soil/media interaction testing programs.

2. 1 Dynamic Tests of Granular Naterials

In 1962 Whitman (24) published findings from an

extensive test program concerned with the shear strength of

sands under various loading rates. Triaxial tests with

times to failure ranging from 5 minutes to 5 milliseconds

were conducted using a hydraulic loading device. The 5

millisecond failure time corresponds to a deformation

velocity of 3000 mm/sec. A total of 70 tests were performed

on dry Ottawa 20-30 sand in both dense and loose states.

The diameter of each specimen was 38 no. The heights of the

specimens ranged from 76 mm to 102 mm. A maximum confining

pressure of 100 kPa was used. Results obtained from this

study indicated that there is no strain rate effect on

'~A ~ *.%*P
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strength in the range of 0.002% to 3% strain per sec, and a

2% to 10% increase in strength in the range of 3% to 420%

strain per sec. In conclusion, Whitman stated that the

change in friction angle is less than 10% for the loading

rates which he used, and, that due to test uncertainties,

this change is probably less than 5%.

Ito and Fujimoto (16) conducted a series of dynamic

triaxial tests on air-dried Toyoura sands in 1980. The

axial load was applied using a hydraulic actuator which

produced strain rates up to 320% per second. For their

tests this corresponds to a displacement rate of 370 mm/sec.

The sand specimens which were tested had a diameter of 50 mn

and a height 110 rn. Tests were conducted under confining

pressures of 0.1, 0.2 and 0.3 NPa. Although there was

considerable scatter in the results, Ito and Fujimoto

reported that the strength at the highest strain rate was

10% to 20% higher than that produced at the lowest strain

rate.

In 19S4 Hungr and Morgenstern (15) performed a number

of tests using a torsional shear ring device. This device

could displace at a maximum velocity of 1000 mm/sec and

could produce axial loads up to 200 kPa. Tests were

performed on a number of different materials including

polystyrene beads, two types of coarse sand, and a sand-rock

flour mixture. Results of these tests showed that the

V ".1 I
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strength of the sands which were tested was not influenced

by the shearing velocity.

Although a number of other researchers have conducted

work in this area, these three publications give an

indication as to the variation in results obtained from

previous rate dependent strength tests on granular

materials. A tabular summary of these and other test

programs is shown in Table 1.1. Although all of the test

results reported in this review range from a slight decrease

Table 2.1 Parameters of rate dependent testsl

Author Testing Materials Maximum Maximum Rate
device tested velocity stress effect

mm/sec kPa

Whitman Triaxial Ottawa 3000. 100 Slight
1962(24) sand

Healy Torsional Ottawa 30.0 63 Slight
1963(13) sand

Novosad Torsional Glass 500.0 2 None
1964(19) beads

Scarlett Torsional Sand 30.0 6 None
1969(20)

Bridgwater Torsional Glass 2000. 25 Yes
1972(3) beads

Ito Triaxial Toyoura 370. 300. Yes
1980(16) sand

Hungr Torsional Sand and 1000. 200 None
1984(15) flour

1. Por-'ins of this table were taken from Hungr(15).
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in strength to a 20% increase in strength with increasing

strain rate, it can be seen that the majority of these

studies found slight to no rate dependent effects on the

strengths of dry granular materials.

2.2 Soil/Concrete Interface Tests

In the review of previous soil/structure interaction

testing programs, it was found that the majority of results

were presented in the form of the ratio produced by dividing

the interface friction angle by the friction angle of the

soil tested, i.e.,

f= = 5/P

where fV = interface strength ratio, 8 = interface friction

angle, and P = soil friction angle. This same nomenclature

will be used in this review. Test results from previous

work with dry sand and concrete will be emphasized in this

presentation, since they are of primary interest in this

study.

In 1961 Potyondy (20) performed a comprehensive testing

program using a static direct shear device. Interface

experiments were conducted using sand and clay in contact

with several different construction materials including

steel, concrete and wood. Concrete specimens with smooth

and rough surfaces were used. The qualitative descriptions

of smooth and rough are z .... what arbitrary, however, the

common approach is to describe concrete as having a smooth

surface when it has been poured against surfaces as rough or IJ
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less rough than steel and to describe concrete as having a

rough texture when it has been poured against surfaces as

rough or rougher than plywood. Potyondy's results indicate

the strength ratios f, = 0.89 for smooth concrete and f, =

0.99 for rough concrete when dry sands are used.

A slightly weaker interface was found for the smooth

concrete by Clough and Duncan (6) in 1971. The concrete

surface was prepared by casting the concrete against a steel

form. Using a direct shear device for experiments involving

dry sand/concrete interfaces, they found a strength ratio

(f,) equal to 0.83. Similar results were reported by Desai

and Holloway (7) in 1972 and Desai (8) in 1976. Values for

fV ranged from 0.87 to 0.89 for the various sand densities

and surfaces which were tested by Desai using a static

direct shear device.

In 1979 Kulhawy and Peterson (17) published the results

of an extensive testing program for sand/concrete interfaces

also using a static direct shear device. Four surface

textures of concrete were used ranging from concrete poured

against glass (very smooth) to concrete poured against sand

(very rough). The sand specimens consisted of two types, a

uniform sand and a well graded sand. Both soils were

cohesionless. Results obtained from this test program

indicated that f, values ranged from 0.78 to ..00 for the

smooth interfaces and from 0.93 to 1.00 for the rough

bV ~
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interfaces. A value for f, equal to 1.00 indicates soil

failure near the concrete interface.

Brummond and Leonards (4) reported results for static

and dynamic sand/structure interaction experiments conducted

in 1973. The testing device, shown in Figure 2.1, consisted

of a concrete test rod encased in a cylinder of sand. The

rod was located along the center axis of the cylinder and

the sand was confined by a rubber membrane. Each of the

concrete rods which were tested were 29 mm in diameter and

356 mm in length. Interface normal stresses ranging from

8.62 kPa to 86.2 kPa were applied by creating a negative

pressure within the membrane. Deformation velocities which

were used in the test program were not reported. However,

FF

SOIL TZST RODi'TiT
Figure 2.1 Cylindrical Testing Device for Soil/

Structure Interaction (from Brummonds and
Leonards)
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Brummonds and Leonards did report that peak stress values

occurred after approximately 5 minutes for static loading

conditions and that peak stress values occurred within 1 to

2 milliseconds under dynamic loading conditions. Small

piezoelectric gages were placed in the sample next to the

test rod to detect any changes in the normal pressure during

the dynamic experiments.

The sand specimens used by Brummond and Leonards

consisted of a uniformly graded sand with v = 40 degrees and

an angular sand with ( = 48 degrees. Concrete rods with

both smooth and rough surfaces were used. Results from

these tests indicated that for the smooth concrete rods the

average strength ratio (f,) was 0.76 for the static tests

and 0.84 for the dynamic tests. For the rough concrete

rods, the average strength ratio (f.) was 0.91 for the

static tests and 0.98 for the dynamic tests. The results

from these tests indicate that an increase in interface

strength occurred for an increase in the load rate. "

In 1974 Huck (14) introduced the use of the torsional

shear ring device for soil/structure interaction S

experiments. This apparatus is shown in Figure 2.2. A
uniform state of shear strain is produced throughout the

interface plane with this type of device. Unlike the direct

shear device, the interface surface area is constant for

even very large values of shear strain.

N I
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Dynamic tests were conducted by Huck in which samples

of sand and clay in contact with both smooth and rough

surfaces of concrete were used. The sand which was used in

these tests was an Ottawa 20-40 sand with a friction angle

of V = 40 degrees. To place the sand in the test device, a

"raining" procedure was used which produced a sand density

of 1.78 g/cc. This corresponds to a relative density of

80%.

Normal pressures of 1.38, 2.76, 5.52 and 11.0 MPa were

used in the experimental program. The normal loads were

applied statically, and the specimen was dynamically sheared

with the use of a hydraulic rotary actuator. Times to

failure ranged from 4 to 7 milliseconds. Static tests were

not conducted, and no attempt was made to control or vary

the shearing velocity.

The results obtained from experiments performed by Huck

on sand/rough concrete interfaces can be interpreted as a

bi-linear failure surface model as shown in Figure 2.3. To

explain this behavior, Huck theorized that failure of a

sand/concrete interface could be separated into two failure

modes. Under low normal stresses, soil failure occurred

near the interface, but, under higher normal stresses the

interface became weaker than the soil, and, thus, failure of

the interface uczurred. Although his discussion explains

the test results which were reported, there was no visual

evidence, such as photographs or personal observations,

Fi
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given to support the concept that separate modes of failure

actually occurred at the interface during the experiments.

It is not appropriate to compare the bi-linear failure

curve reported by Huck to the strength ratio f, since the

latter is based on a single linear relationship. But, using

the data values from the experiments involving the lower

normal pressures which were performed by Huck, a strength

ratio (fT) of 0.50 was calculated by this author.

Post-failure response of Ottawa sand/rough concrete

experiments conducted by Huck, shown for the 2.76 MPa test

in Figure 2.4, indicates a general decrease and flattening

of the shear stress curve as the relative deflection

increases. This behavior is described as strain softening

and is typical of the behavior of dense sands (11). But a

further investigation of these data indicates that the

normal stress decreases at a rate faster than the rate of

decrease in the shear stress, thus indicating a condition of

strain hardening, which is not typical of post-failure

response of sand. No explanation was given by Huck for this

behavior.

Finally, in 1985 Drum and Desai (10) conducted a

series of dynamic and static tests using Ottawa sand and

concrete. The test device which was used was a modified

direct shear device designed to allow for a more uni.-.m

shear stress distribution than the shear stress distribution

produced by the standard direct shear test box. Dynamic
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shearing loads were applied using a hydraulic actuator, and

the maximum shearing velocity which was used produced

failure after approximately 125 milliseconds. Drumm and

Desai found that interface strength was independent of

shearing velocity for the shearing velocities which were

used. Therefore, strength ratios were reported only for the

static tests. For a sand/smooth concrete interface, the

strength ratio (f,) was found to be 0.93. No post-failure

analysis was conducted by Drumm and Desai.

In summary, the results from various experimental

studies using sand/concrete interfaces indicate that the

interface strength ranges between 50% to 100% of the

strength of the sand. If results reported by Huck are

ignored, this range can be narrowed to 75% to 100% of sand

strength. Effects of shearing velocity on interface

strength reported by different researchers varied between no

*change to a 10% increase in strength with increasing

shearing velocity.
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CHAPTER 3

AMAL!TICAL MODELLING BY THE FINITE ELEMENT METHOD

The finite element method is currently the most popular

procedure for performing stress calculations in dynamic

soil/structure interaction problems. In order to describe

finite element techniques of interface modelling, a brief

review of interface behavior shall be presented. The intent

of this chapter is to briefly describe the expected results

of the test program and to summarize current finite element

methodologies used to model interface behavior.

3.1 Theoretical Interface Behavior

As indicated in previously mentioned literature, the

shear response of a sand/concrete interface is very similar

to the shear response of the surrounding soil mass.

However, an important difference is that the interface

strength is generally weaker than that of the soil. To

better understand the behavior of sand/concrete interfaces,

a review of typical shear behavior of sands will be

presented.

For a given granular soil, the shear response will

depend primarily on the density of the soil and the

magnitude of the applied confining stress. Under low

confining pressures, the stress-strain response of a sand is

similar to the response shown by the stress-strain curves in

Figure 3.1.

* .1. *..**?~
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Figure 3.1 Typical Shear Response of Dense and Loose Dry
Sand at Low Confining Pressures (from Dunn)

These two curves depict the results of shear strength tests

which were performed using two different densities of sand.

While both curves are nonlinear, each curve is markedly

different. There is a pronounced peak in the stress-strain

curve for the dense sample. As strain is increased beyond

this peak, a decrease in stress is observed until a constant

level of stress, referred to as the residual stress, is

attained.

The peak in the stress-strain curve of the dense sand
.5.

is attributed to particle interlocking. The post-peak

decrease in stress is due to energy loss when particles

rel,-.e and pass by one another.

The loose sand sample on the other hand has no apparent

peak, and the shear stress rises slowly to the same residual
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value attained for the dense sample. Since the sample is

tested in a loose state, the soil particles will not

interlock and will simply pass by one another.

In both the dense sand and loose sand tests, the

density of the sand sample will change during the

performance of the test. Using an initially dense sand

sample, the density will increase when shear displacement

begins. However, as shearing proceeds further, the dense

sample will decrease in density due to the dilation caused

by particles rolling over one another. The loose sample on

the other hand will only densify during shear deformation.

Finally, at the residual stress value, point B in Figure

3.1, both sands will have the same final density.

These types of responses are only characteristic of

sands which are tested at low confining pressures. Under

greater magnitudes of confining pressure, a dense sand will

begin to respond more like a loose sand. That is, the

stress peak for a dense sand will become less pronounced as

the magnitude of the confining stress is increased. This
I

peak will eventually disappear at very high levels of

confining stress. This response has been documented by a

number of researchers (1,23).

High levels of confining stress will also affect the

shape of the Mohr envc-pe (strength envelope) for dense

sands as shown in Figure 3.2. Mohr envelopes are created by

plotting shear stress values at failure (point A in Figure
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Figure 3.2 Various Mohr Failure Etnvelopes f or Sands
(from Bishop).

3.1 for the dense sand) against the normal stress at

which the test was conducted. Whien the range of normal

stress being considered is mall, the Mohr envelope can be

considered linear. Hence, a constant value for the friction

angle is used. But when a large range of normal stress is

considered the Mohr envelope for dense sands becomes

slightly curved. This curvature is a result of particle

crushing during shear displacement when the sand is

subjected to high magnitude normal stresses.

As mentioned above, the interface st.:.igth is generally i

cons idered to be weaker than the strength of the surrounding i

soil mass. This weakened Mohr envelope, as shown in Figurej
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3.3, has been modelled by different methods. Under a low

range of normal stress, Desai and others have used a linear

relationship. Under greater ranges of normal stress, Huck

suggests different modes of failure occur and a much weaker

interface is observed. Another possible method would be to

consider the curvature of the Mohr envelope for dense sands
and reduce this envelope by some reduction factor. Results

obtained from sand/concrete interface tests conducted in

this research program will be compared to these three types

TYPICAL

LIZ ZlE SI- LUZWPZE

(DZSAI AN OTHRRS)

WNOUL STRZSS

Figure 3.3 Various Methods of Modelling the Failure
Envelope of Dry Sand/Concrete Interfaces

0J
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of weakened Mohr envelopes to determine which model most

closely describes the actual behavior.

3.2 Finite Ilement Technique.

To model dynamic soil/structure interaction using

finite elements, a method must be available that will model

the large shear deformations that occur at dissimilar

material interfaces. These deformations can be modelled

with the use of the sliding element method or the interface

element method. These two methods are depicted .n Figure

3.4. The method of sliding elements allows adjacent

elements to simply slide relative to each other. Interface

elements on the other hand are elements which simulate the

unique qualities of the interface. These interface elements

are placed between the soil elements and the structural

elements. For both of these methods, the movement of

elements on either side of the interface will be governed by

appropriate interface stress-strain models.

The method which currently exists in the SAMSON2 finite

element code at the AFWL is the sliding element method. The

interface between a number of sliding elements is commonly

called a slideline. During an analysis, the nodes on

opposite sides of the slideline are initially bonded, i.e.,

they are rigidly connected and can transfer shear and normal

forces across the interface. Shear stresses and normal

stresses are calculated for each node on the slideline and

compared to stress values from a Mohr envelope during each

L
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Figure 3.4 Finite Element Techniques for Modelling Soil/
0 Structure Interaction.
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iteration of the explicit dynamic analysis. If the stress

state at an interface node exceeds the Mohr envelope stress

value, the node is released (failure), otherwise the node

remains bonded to the slideline.

The movement of a node after it has been released will

be dictated by the sign of the normal stress at the

interface. If a tension state exists normal to the

slideline at the point of the released node, the interface

nodes will be allowed to separate. Nodes will move away

from each other during the time step and a gap at the

slideline will form. If a compressive normal stress state

exists at the point of the released node, the elements will

slide relative to one another according to a post-failure

friction law. This procedure is continued throughout the

analysis.

The Mohr envelope currently in use at the A M is the

interface bi-linear failure criterion suggested by Huck (14)

in 1974. This failure criterion is shown in Figure 3.5.

Post-failure behavior is governed by a perfectly plastic

model suggested by the Army Waterways Experiment

Station in 1985 (25). This perfectly plastic model limits

the transferable shear stress across the slideline to the

limiting value associated with the bi-linear failure

criterion.

.0
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CHAPTER 4

W EWITUAL PROGRAM AND METHODS

4.1 Overview

The basic objective of this research is to conduct an

experimental program to predict the failure criterion and

post-failure response of a sand/concrete interface when

subjected to dynamic shear loads. The quantification of the

failure criterion will consist of the ratio fp = 5IA.

Quantification of the post-failure response will consist of

determining the amount of softening, or shear stress drop,

after the peak failure stress occurs.

Friction angles are calculated by determining the least

squares linear fit of the shear stress values versus normal

stress data values at failure. The angle that this line

makes with the normal stress axis, or horizontal axis, is

the friction angle of the soil. The normal stress range

used in this experimental program is small enough to assume

a linear Mohr envelope.

Before proceeding, an important assumption must be

explained. The most accurate procedure used to find the

strength ratio (f.) would be to determine both v and 6 using

a torsional shear ring device. However, for this research a

simpler device was desired and, thus, direct shear devices

were used to determine both V and 6. It must be understood

that direct shear devices tend to give slightly higher
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values of friction angles than torsional devices (2), but

the assumption is made herein that the ratio fP will be the

same for both devices.

The experimental program which was developed includes

three standard laboratory soil tests: mechanical grain size
distribution, relative density and static direct shear. The

program also includes tests for sand/concrete interfaces

using a special dynamic direct shear device designed and

built specifically for this research. Section 4.2 briefly

describes the soil and concrete specimens which were used,

while the procedures and devices used for the standard soil

tests and the soil/concrete tests are described in sections

4.3 and 4.4, respectively.

4.2 Soil and Concrete Specimens

Two different soil types, Yuma sand and McCormick Ranch

sand, are used in this test program. These two angular

sands originated from the central region of New Mexico. In

order to eliminate inaccuracies caused by the large grained

particles and the small rocks in the samples, the sand was

passed through a #12 U.S. Standard Sieve (diameter = 1.70

mm). The particles which did not pass the #12 sieve were

discarded.

Because of the range of normal pressures used for the

sand/concrete interface tests, it was decided, from review

of previous testing programs (10), that the relatively soft

outside surface of the concrete specimen would be worn off
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after each test, thus changing the surface texture of the

concrete specimens. For this reason a different concrete

specimen was used for each test. It is believed that a new

surface for each test would better simulate actual field

conditions than that produced by using the same specimen

over and over. Figure 4.1 shows the geometry of a typical

specimen.

The concrete mix design consisted of a combination of

3.2 mm aggregate, sand, Type I and II Portland cement, and

water. The mix was designed for a compressive strength of

40.0 MPa. Uniaxial compression tests on three cylinders

produced an average 28-day compressive strength of 43.4 MPa.

The surface texture of each concrete specimen was that

obtained by casting the concrete against an unsanded plywood

form. This surface will be defined as having a rough

texture.

FG530

Figure 4.1 Geometry of Typical Concrete Specimen
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4.3 Standard Laboratory Soil Tests

In order to identify the strength and classification of

a soil, it is necessary to perform a number of standard

laboratory tests. The tests used in this program include

mechanical grain size distribution tests, relative density

tests and static direct shear tests. Mechanical grain size

distribution tests are used to determine the relative

proportions of the different grain sizes which make up a

given soil mass. The relative density test provides a range

for the maximum and minimum densities that the soil might

normally have in the field. The direct shear test is

a convenient way to determine the Mohr envelope (strength)

of a soil. Each test was performed on various oven dry

samples of both Yuma sand and McCormick Ranch sand.

Each of the grain size distribution tests was performed

according to procedures outlined by ASTM D421-58 and D422-

63. Two grain size tests were performed for each sand type

using a 1000 gram sample of sand for each test. This

resulted in a total of four tests. It is reiterated here

that the samples which were used had been previously passed

through a #12 US Standard sieve. The difference between

sample weight before testing and retained sample weight

after testing produced an error of less than 1% for each

tast which was performed.

Each relative density test was performed according to

the procedure outlined by ASTM D2049-69. The objective of
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the relative density tests is to determine the minimum and

maximum densities of the sand. To determine the maximum

density of the sand, a sample was placed into a standard

compaction mold in five layers. Each layer was densified by

applying a static surcharge of approximately 55 kPa on the

sample and then tapping the sides of the mold 200 times with

a hard rubber mallet. After the five layers were placed,

the sample was weighed and the density of the soil in the

mold was calculated. To determine the minimum density of

the sand, a sample was carefully spooned into the compaction

mold in a single loose layer. The specimen was then

weighed, and the density of the soil was calculated. Each

minimum and maximum test was performed three times. The

lowest minimum density and the highest maximum density

obtained from these three tests were taken as the resulting

minimum and maximum densities of the sand, respectively.

Each direct shear test was performed according to the

procedure outlined by ASTM D3080-72. Direct shear tests

were conducted by the use of an Engineering Equipment

Laboratory (EEL) motorized direct shear machine. These

tests were conducted at normal pressures of 0.325, 0.635 and

1.25 MPa and on sand samples with relative densities of

approximately 80%. The densities which were used were 1.60

g/cc (79%) for Yuma sand and 1.52 g/cc (76%) for the

McCormick Ranch sand. Sand samples were prepared for

testing by placing a known weight of sand into the 63.5 mm
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diameter shear box. These samples were placed in three

layers, each layer being tamped 100 times with a 60 mm

diameter load plate and plastic hammer. After sand

placement, a static gravity normal load was applied and the

sample was sheared. Shearing displacement proceeded at a

rate of 1 mm/minute, and each sample was sheared to a full

displacement of 10 mm. Shearing load and displacement were

constantly monitored with the use on an x-y plotter.

4.4 Soil/Concrete Interface Tests

The primary work of interest in this project is the

dynamic sand/concrete interface tests. Forty-eight tests

were conducted using a dynamic direct shear device

constructed for this research. Each test was performed to a

full displacement of approximately 25 mm. Variable

parameters for the sand/concrete interface test program are

as follows:

2 soil types: Yuma and McCormick Ranch sands

2 densities: Dense and Loose

3 normal pressures: 0.690, 1.38 and 2.76 MPa

3 shear velocities: 2.54, 25.4 and 254. mm/second

The following subsections explain the dynamic shear device,

the data aquisition system, and the test methods and

procedures used during these tests.

4.4.1 Direct Shear Device

The direct shear device was designed to allow for the

application of dynamic shear and static normal loads to a

-'i



soil/structure interface. The basic geometry and cross

section of the device are shown in Figures 4.2 and 4.3.

This device can accommodate a maximum sample height of 57 mm

and a maximum concrete surface area of 426 cm2. The

longitudinal dimension of the sand confinement box is made

considerably greater than the width dimension of the box so

as to decrease the influence of the front and back confining

walls on the shear strain distribution of the sand.

Most commercially available direct shear devices for

soil come equipped with a mechanism to adjust the gap

between the lower and upper shear boxes. For the

soil/concrete direct shear device, this gap is adjusted by

the raising or lowering of two movable plates. These plates

are mounted on the front and back walls of the soil

confining box as shown in Figure 4.3. After performing a

number of trial tests, it was found that the interface was

able to resist more shear stress before failure with a gap

height of 0.5 mm than with the plates at the full height of

3.2 mm. To simulate the large shear strains inherent in

soil/structure interaction, the gap was set at the full

height of 3.2 mm. This gap height of 3.2 mm is

approximately two times the value of the diameter of the

maximum grain size in the soil, thus allowing soil failure

to occur near the interface if the strength of the interface

is found to be greater than the strength of the soil.

a,. ~ W~,'. 9. -~a~.' ~w
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As can be seen in Figure 4.3 the concrete specimen is

confined in a steel box with the use of steel brackets and a

sulfur capping compound. The steel box is supported from

below by 154, 13 n diameter ball bearings. Shear load at

the interface is measured by a load cell connected between

the actuator shaft and the actuator extension shown in

Figure 4.4. Typical values of friction coefficients for

ball bearings range between 0.006 and 0.004 (9). Therefore,

the shear load transferred by the ball bearings is

negligible compared to the shear load transferred by the

sand specimen.

The normal load on the concrete is measured by a load

cell placed below the concrete confinement box. The soil

confinement box is supported independently of the concrete

confinement box, and, thus, the normal load cell will 'S

indicate only the total normal load applied to the concrete.

However, it was determined that the hinge connecting the

actuator to the actuator extension, shown in Figure 4.4, was

supporting 2% of the applied normal load. This was

corrected by recalibration of the data aquisition system.

Both the normal and shear loading devices, shown in

Figure 4.4, use hydraulic oil pressure. The normal loading

device is a Soiltest static loading ram with an ultimate

capacity of 1100 kN. The .ynamic shear loading device is an

MTS hydraulic actuator with an ultimate capacity of 100 kN.

I.
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The displacement of the MTS actuator is controlled by a

voltage signal and an analog feedback system.

The displacement voltage signal used for this research

is a ramp function, or triangular wave function. This

produces a constant velocity movement of the actuator. By

changing the frequency of the triangular wave, the shearing

velocity of the actuator can be adjusted. The three

shearing velocities used for this testing program are shown

in Figure 4.5.

During trial tests using the shear device, it was found

that the displacement versus time response of the actuator

was not completely linear when the shearing velocities of

254 mm/second were used. Displacement versus time curves of

the actuator movement at V=254 mm/second are shown in Figure

4.6. In addition, it was also found that, as the static

normal pressure increased, the time required for the

actuator to reach full input velocity also increased. This

nonlinearity is simply due to the fact that the pump drivinq

the actuator could not supply sufficient oil flow to

accelerate the actuator and the concrete specimen fast

enough to produce the required velocity. The effect of this

discrepancy is neglected since, for each test conducted,

full velocity was reached before interface failure occurred.

To ensure proper alignment of the loading devices with

the shear box a theodolite and an automatic level were used

during the initial installation. To further ensure
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alignment, a series of trial tests were performed to

ascertain the effect of conducting the test in opposite

directions of displacement. If the device were misaligned,

the results produced by displacing the concrete specimen in

one direction would be different than results produced by

displacing the concrete specimen in the opposite direction.

No significant difference was observed in results from tests

performed using opposite directions of displacement.

4.4.2 Instrumentation

Three variables were measured during each test:

displacement, total shear load and total normal load. The

displacement was measured by an LVDT located inside the

hydraulic actuator. Total shear load was measured by an MTS

100 kN load cell which was connected between the actuator

ram and the concrete specimen confinement box. Total normal

load was measured by an Interface 222 kN load cell located

below the concrete confinement box. The location of the

normal load cell is shown in Figure 4.3, and the locations

of the shear load cell and the LVDT are shown in Figure 4.4.

Each of the measuring devices mentioned above requires

the use of conditioners to transform the measured response

into a +/- 10 volt scale. These conditioners are depicted

in Figure 4.7 along with the remainder of the data

aquisition system. Output voltage from the two MTS

conditioners were quite noisy, and, therefore, the two

signals which were output from these conditioners were
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passed through a 3rd order Butterworth active filter.

Proper tests were perfomed with a digital oscilloscope to

ensure that outputs from the conditioners and filters did

not lag behind actual response of the soil/structure

interface. Lagging response is commonly caused by excessive

filtering.

The +/- 10 volt signals were connected to a Data

Translation 2801-A Analog to Digital (A/D) converter board

installed in an expansion slot of an IBM PC/AT. The A/D

converter transforms an analog voltage signal into digital

floating point numbers. These data values are stored in the

computer memory after digitization. This particular board

digitizes data as fast as 20,000 points per second. During

each of the soil/concrete interface experiments a total of

330 points were obtained from each measuring instrument.

A question may be raised here as to why no axial

deformation measurements were recorded. Axial expansion or

axial contraction of the soil mass during shear testing is a

result of shearing strain within the sample. However,

shearing strain is not uniform throughout the cross-section

of a direct shear device. Therefore, axial deformation will

also not be uniform. In addition, shear friction from the

sides of the box will constrain dilation and contraction of

the soil near the walls. Because of the non-uniform axial

deformation and the friction from the sidewalls, a recording

of deformation at the top of the sample may not accurately

%4
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represent the axial deformations occurring in the sample.

It was therefore decided that no axial deformations would be

measured.

4.4.3 Operation of Test Device

The following chronological procedure was used for

preparation and performance of each of the experiments.

To begin preparation for a test, a concrete specimen was

installed into the device. This was performed by sliding

and fixing a specimen into the concrete confinement box

connected to the actuator. To fix the specimen in the box,

a steel bracket was bolted to the back slot of the box.

This is shown in Figure 4.3. A tensile preload of 22 kN was

then applied to the steel box and a sulfur capping compound

was poured into the two gaps between the concrete specimen

and the front and back stops of the concrete confinement

box. After the sulfur compound had cooled, the confinement

box was unloaded. This procedure rigidly fixed the concrete

specimen into the box, thus allowing no relative deflection

between the concrete confinement box and the concrete

specimen during an actual test.

To ensure that sand particles did not travel between

the concrete specimen and the sidewalls of the soil

confinement box, a strip of electrical tape was placed over

this gap. The gap and the tape are shown in Figure 4.8.

The effect of the tape on the shear response of the

interface was neglected.
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Once the concrete specimen was installed, the width of

the specimen was measured in order to calculate the surface

area of the interface. The area of the specimen is used by

the computer program to convert voltage values for load

directly into shear stresses and normal stresses.

Occasionally the actuator would inadvertently displace

when hydraulic pressure was initially applied. This was

caused by voltage offsets developed during the period of

time that the actuator system was shut down. To eliminate

the possibility of sand sample disturbances caused by this

movement, the hydraulic pressure was applied to the actuator

before sample placement.

To account for tare weights, voltage offsets, etc.,

values of initial voltage levels must be measured so that

these values may be subtracted out after performance of the

test. This was accomplished by taking "zero" voltage

readings with the A/D converter and storing these values in

the computer memory.

Since two different densities of sand were used in this

testing program, two different methods of sand placement

were utilized. Each test was conducted with a sand sample

height of 57 mm. For the low density tests, the sand was

rained from a height of 20 cm. For the high density tests,

the sand was rained from the same height but placed in three

layers. After one third of the sand was placed into the

box, a surcharge pressure of 7 kPa was applied to the sample



444

1I

by the use of a thick steel plate. This plate was then

tapped 200 times with a large rubber mallet. This procedure

was repeated for each of the three layers. These methods

for sand placement resulted in the mean and standard

deviation densities listed in Table 4.1.

Table 4.1. Density statistics.

Sand Low Density (g/cc) High Density (g/cc)
Mean Std. Dev. Mean Std. Dev.

Yuma 1.43 0.0204 1.60 0.0248
McCormick
Ranch 1.35 0.0137 1.54 0.0156

After the sand was placed, a series of load plates were

carefully placed on the sample. These load plates are shown

in Figure 4.3. The load plates transfer force between the

sample and the Soiltest load ram. This series of load

plates consists of a 38 mm thick steel load platen, a 6 mm

thick wood board, a load extension structure with a height

of 270 mm, a layer of 13 mm diameter ball bearings, and a 6

nu thick load ram bearing plate. The ball bearings allow

the stack of load plates to displace and rotate slightly

without transferring moment and shear loads to the loading

frame. Slight movements of the plates are expected during

dynamic shearing due to nonhomogeneous soil strains

t-oughout the sand sample cross-section.

once the load plates were installed, the desired normal

load was statically applied. Normal load magnitude was

I



45

monitored by a digital display of the output voltage from

the normal load cell. When the normal load reached the

desired magnitude, the A/D converter was manually triggered

to begin digitizing the voltage signals from the measuring

devices. The actuator controller was then manually

triggered to begin displacing the actuator. Full

displacement for each test was approximately 25 mm. Test

duration varied between 10 seconds for the slow velocity

tests to 0.10 second for the high velocity tests.

After the voltage versus time signals were digitized,

the data aquisition program subtracted out the "zero"

readings and then converted the resulting values into

displacements, shear stresses, and normal stresses. These

data files were then stored onto a hard disk. But, these

data values also remained in core storage to be viewed

graphically on the computer monitor so that the results

could be interpreted immediately.

At the end of each test, the sand sample and concrete

specimen were taken out and discarded. A careful procedure

was followed to ensure that sand did not fall into the ball

bearing support area below the concrete confinement box.

This area was vacuumed thoroughly after each test.
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4.5 Sumary of the Test Program

The following is a summary of the test program.

Qualitative descriptions of low, medium, and high for

various densities, velocities, and normal pressures will be

used in the following chapter.

1. Grain size distribution tests:

- 2 soil types: Yuma sand and McCormick Ranch sand
- 1000 gram sample of soil for each test
- 2 repetitions

Total of 4 tests.

2. Relative density tests:

- 2 soil types: Yuma sand and McCormick Ranch sand
- Maximum and minimum density tests
- 3 repetitions

Total of 12 tests.

3. Static direct shear tests of soil:

- 2 soil types: Yuma sand and McCormick Ranch sand
- 1 density: dense
- 3 normal pressures: 0.325, 0.635, and 1.25 MPa
- 2 repetitions

Total of 12 tests

4. Dynamic direct shear tests on sand/concrete interfaces:

- 2 soil types: Yuma sand and McCormick Ranch sand
- 2 densities: dense and loose

High density tests:
- 3 normal pressures: 0.690, 1.38, 2.76 MPa

(low, medium, high)
- 3 shear velocities: 2.54, 25.4, 254. mm/second

(low, medium, high)
- 2 repetitions

Low density tests:
- 3 normal pressures: 0.690, 1 38, 2.76 MPa
- 2 shear velocities: 2.54 and 254. mm/second
- 1 repetition

Total of 48 tests.

. . .~~J -_ -A "A -- 1.. .. . . . . . . * * --
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CHAPTER 5

RIMMlhUAL RESULTS

5.1 Standard Laboratory Tests

The results of the mechanical grain size distribution

tests for Yuma sand and McCormick Ranch sand are shown in

Figure 5.1. Soil classifications resulting from these tests

indicate that the Yuma sample is a well graded sand (SW-SM)

and that the McCormick Ranch sample is a poorly graded sand

(SP-SM). The sharp drop in the top portion of the

distribution curve for the Yuma sand is attributed to the

initial passing of the sample through a #12 sieve. The Yuma

sand contained a significant percentage of particles larger

than a *12 sieve. Thus the initial sieving significantly

affected the top portion of the curve.

A comparison of results obtained from the relative

density tests to typical textbook values of relative density

(22) is shown in Table 5.1. Although the resulting maximum

and minimum densities appear relatively low compared to

these literature values, it should be noted that the

textbook values given here are only typical values, and

these typical values should not be considered as a range

within which all density values for that particular

classification of soil should exist. Performance of the

relative density experiment has been criticized in the past

by ASTM committee members (2) because of the poor

-2'
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goH ill I

Iin

Grain diameter. Mtn

Figure 5.1 Results of Mechanical Grain Size Distribution
Tests for Yua Sand and McCormick Ranch Sand.

Table 5.1 Results of relative density teats.

Soil Description Test Results Typical values (2)
min Max Min Max lie

(9/cc) (g/cc)

Yua (Well graded 1.36 1.68 1.53 1.98
angular sand)

McCormick (Uniform 1.31 1.60 1.44 1.84
angular sand)

1%
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reproducibility of the test, but the test is still widely

used.

Using the relative density test results the mean

relative density values used in the sand/concrete test

program were calculated: 26% and 79% for the loose and dense

Yuma sand/concrete tests, respectively; 16% and 76% for the

loose and dense McCormick sand/concrete tests, respectively.

To determine the friction angle of the soil, a least

squares regression calculation was performed on the failure

shear and normal stress values resulting from the static

direct shear tests. This calculation fit the data to the

equation ymax. Figure 5.2 shows the resulting friction

angles obtained from direct shear experiments performed on

Yuma sand and McCormick sand.

The resulting friction angles for the dense samples of

Yuma sand and McCormick sand are 43 degrees and 39 degrees,

respectively. These values are within the limiting values

given in standard textbooks for dense angular sands (11).

5.2 Sand/Concrete Interface Tests

Before performance of any of the sand/concrete

interface experiments, it was necessary to determine the

inertial effects on the measured response of the interface.

Inertial loads are created by the acceleration of the 50 kg

steel and concrete box at the be-inning of each of the high

velocity tests. Determination of the magnitude of these

inertial loads was accomplished by performing free vibration
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experiments with the concrete specimen in place but with no I

soil sample placed in the soil confinement box. The loads

measured by the shear load cell during free vibration tests

were thus only the inertial loads. If the values of these

inertial loads were found to be significant, these values

could be subtracted out after each interface experiment.

A comparison between inertial effects recorded during

free vibration tests and the actual measured response of a

sand/concrete interface experiment is shown in Figure 5.3.

The actual experiment was performed with McCormick Ranch

sand at the lowest normal stress level of 0.69 MPa and at

the highest shearing velocity of 254 mm/sec. As can be seen

the inertial effects become almost insignificant by the time

the peak shear stress in the actual test is attained. It

should also be noted that the actual test appears to be

influenced by these inertial effects only at the very

beginning of the test where the acceleration magnitude is

the greatest. After this initial influence, the sand

specimen has damped out the transient response. It is

concluded from this comparison that the inertial effects are

insignificant and are, therefore, neglected.

5.2.1 Stress-Displacement Curves

The stress versus displacement curves for the dynamic

tests of sand/concrete interfaces are shown in Figures 5.4

to 5.19. These curves are also shown in Appendix A at a

smaller scale in order to provide greater detail. In each

o %.e

• • • l | I I . . . . . . . . ... .
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Figure 5.4 Stress vs. Deflection For Dense Yuma Sand!

Concrete Tests, V=2.54 mu/sec, 1st Repetition.
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Figure 5.5 Stress vs. Deflection For Dense Yumna Sand!
Concrete Tests, V=2.54 mm/sec, 2nd Repetition.
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Figure 5.6 Stress vs. Deflection For Dense Yuma Sand/
Concrete Tests, V=25.4 rn/Eec, 1st Repetition.
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Figure 5.7 Stress vs. Deflection For Dense Yumna Sand!

Concrete Tests, V=25.4 mn/sec, 2nd Repetition.
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Figure 5.8 Stress vs. Deflection For Dense Yuma Sand!
concrete Tests, V=254- mm/sec, lst Repetition.
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Concrete Tests, V=254. mm/sec, 2nd Repetition.
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Figure 5.10 Stress vs. Deflection For Loose Yuma Sand/
Concrete Tests, V=2.54 lam/sec.
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Figure 5.11 Stress vs. Deflection For Loose Yumra Sand!
Concrete Tests, V=254. mm/sec.
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Figure 5.12 Stress vs. Deflection For Dense McCormick Sand/

Concrete Tests, V=2.54 m/sec, 1st Repetition.
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Figure 5.14 Stress vs. Deflection For Dense McCormick Sand/
concrete Tests, V=25.4 mm/sec, ist Repetition.
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Concrete Tests, V=254. nun/sec, 1st Repetition.
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Figure 5.17 Stress vs. Deflection For Dense McCormick Sand!
Concrete Tests, V=254. mm/sec, 2nd Repetition.
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of the plots the shear stress is represented by a solid line

and the corresponding normal stress is the dashed line

directly above it.

As shown by these curves, a decrease in the normal

stress was observed during the initial stages of shear

displacement in each of the experiments. This normal stress

drop was caused by the inability of the static loading ram

to keep up with the axial deformation rate of the soil

sample. After the performance of the test, the normal

pressure quickly returned to the original static level.

A closer observation of the behavior of the normal

stress change during the experiments indicates typical axial

deformation behavior for sands. Under the low confining

pressure, 0.69 MPa, each of the dense sand samples contracts

and then dilates due to particles rolling over one another.

When subjected to higher confining pressures, 1.38 and 2.76

MPa, the dense samples only contracted. Zxperiments on

loose sand/concrete interfaces indicated that during shear

deformation only contraction of the samples occurred under

each level of applied normal stress.

Shear deformation responses from these experiments are

also typical for sands. For the high density experiments,

the shear stress will rise nonlinearly to a peak value and

will then soften to a residual stress value. For the low

density tests the shear stress slowly rises to a constant

value. p

Cw
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5.2.2 Failure Criterion

To evaluate the friction angle of the interface, the

failure stresses, shear and normal, were determined for each

experiment. These data were then used in a least squares

regression analysis to determine the best fit to the

equation y=ax. From this linear fit, a friction angle was

calculated. Friction angles were determined for each soil

type, shearing rate, and density.

As can be seen in Table 5.2 the friction angles

obtained from the sand/concrete interface experiments were

not affected by variations in shearing velocity. This is

shown graphically for Yuma sand and McCormick Ranch sand in

Figures 5.20 and 5.21, respectively. These results also

indicate a slight decrease in the friction angle as the

sample density is decreased.

Table 5.2 Rate effect on interface friction angle from
sand/concrete interface tests,

Soiltype 6 (degrees) for different displacement rates
2.54 25.4 254.
mm/s mm/s mm/s

Yuma (Dense) 43 43 43
(Loose) 42 -- 41

McCormick (Dense) 42 42 43
(Loose) 41 -- 41

60

The strength ratios (fo) resulting from the dense

sand/concrete experiments are shown in Table 5.3. The fI

value of 1.08 for the McCormick sand/concrete interface

I

*5%1
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indicates that a greater strength was measured from the

interface direct shear test than from the soil direct shear

test. Theoretically the interface strength is limited to

the strength of the soil mass adjacent to the interface. A

value of f. greater than 1.00 should not be the result if

the test is performed correctly.

Table 5.3 Friction angles and strength ratios from the
dense sand tests.

Soiltype P 6 f
(degrees) (degrees)

Yuma sand 43 43 1.00
McCormick sand 39 42 1.08

Two causes of the high strength ratio (f.) of 1.08 for

the McCormick sand/concrete tests are suggested. First,

this inaccuracy could result from the practice of comparing

results obtained from two different shear devices. Because

of the size and design difference of the soil direct shear

device and the soil/concrete direct shear device, it could

be expected that comparisons of results produced by these 9

different devices could be slightly in error. This error

could contribute to the total error in the McCormick

sand/concrete result.

A second source of err-r is revealed by comparing sand "-

densities at which the soil and interface tests were

conducted. The Yuma sand tests for soil strength and .
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interface strength were conducted using the same sample

densities of 1.60 g/cc (79% relative). However, due to

human error, a sample density of 1.52 g/cc (76% relative)

was used for the McCormick sand strength tests while an

average sample density of 1.54 g/cc (82% relative) was used

for the McCormick sand/concrete tests. This higher density

would tend to increase the resulting friction angle. The

comparison of results from two separate machines in which

slightly different densities of sand samples were used

appears to account for the error in the strength ratio for

the McCormick sand/concrete.

5.2.2 Pout-Failure Response

To determine the characteristics of post-failure

softening, a method must be derived to quantify the amount

of softening resulting from each experiment. This was

accomplished by the method shown graphically in Figure 5.22.

A stress ratio of shear stress divided by normal stress is

calculated for two positions of the stress-displacement

curve (shown in in Figure 3.1): A, the point of maximum

shear stress (failure), and B, at 20 mm deflection

(residual). The friction angle for both of these points is

determined by taking the arctan of the stress ratio for that

point. Finally, the difference between these two friction

angles, i.e., the failure friction angle and the residual

friction angle, is calculated to quantify the softening.

Therefore, post-failure response will be described in terms
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Figure 5.22 Method of Quantifying Post-Failure Response.

of degrees of softening.

Softening is plotted against density, normal stress,

and velocity in Figures 5.23 through 5.28. It is noted by

this author that many of the relationships between density,

normal stress and velocity are not linear. However, to show

general trends of dependence, a linear regression analysis

is used. Because of the quantity, range and scatter of the

data only general trends can be indicated.

From observation of these trends, it can be stated that

softening increases with: increasing soil density,

decreasing normal stress, and increasing velocity. Although
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Figure 5.24 Softening vs. Density for McCormick Sand/
Concrete (no linear regression).
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Figure 5.27 Softening vs. Velocity for Dense Yuma
SaMd/Concrete.
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the trends of softening with density and normal stress are

well documented, the increase in softening with increasing

velocity is not.

One explanation for this trend could be that during the

higher deformation rates, more post-peak sand particle

/concrete asperity destruction occurs, thus producing a

finer and more uniform distribution of soil and interface

particles than for the lower velocity tests. Finer and more

uniform soil particles will create a lower value of residual

stress (22).

Another explanation is that this trend is the same

trend that is observed for large volume, high velocity land

slides. Friction coefficients calculated from observations

of the slides reveal an apparent weakening of the soil

strength during high velocity movement (12,15,18). An

attempt to explain this behavior has been postulated by many

researchers, the most popular theory being a phenomenon

called "mechanical fluidization" (McSaveney (17),

Erismann(1l)). This theory suggests a reduction in shear

friction transfer due to the unique particle kinetics that

occur during high velocity shearing. A thorough explanation

of this phenomenon is beyond the scope of this study.

The measured increase in softening with increasing

velocity coul& also be due to experimental eicr.

Differences in soil density and soil structure, especially

at the interface, will produce a significant amount of
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scatter in the data. However, this scatter would not

explain the trend of rate dependent residual strength that

was observed throughout the tests. No other discernable

reasons for an experimental error have been perceived by

this author. In short, no conclusive explanation will be

given to justify the measured rate dependence of the

residual strength.

5.3 Soil Deformation Measurement at the Interface

A recent paper by Chen and Schreyer (5) suggests that

soil deformation near an interface behaves much like the

velocity distribution of a moving fluid near a wall

interface. This velocity distribution pattern is described

by the boundary layer theory in fluid mechanics. Chen and

Schreyer's explanation states that there is no relative slip

between a soil and a structure during shear strain, but that

a shear band is formed. The shear band is graphically

depicted in Figure 5.29.
p

To verify Chen and Schreyer's explanation, a method was

implemented to measure the shear deformation pattern of the

soil in the shear box after the duration of the test. This

was done by covering a 1.5 nm by 35 mm aluminum plate with

blue chalk dye and then sliding the plate vertically

downward into the soil sample. The location of insertion of

the dyed plate, shown in Figure 5.30, was chosen to reduce

the measured effects of the front constraining wall on shear

strain. The plate was then pulled out, thus leaving a

p.

' '. . g ' y "' ' N. v..' .,., ,; ,,.. €2 22 : ,,,. ,. - -- .



72

I X F

N
CONCRETE SOIL

z

Figure 5.29 Interface Shear Band Deformation Theory (from
Chen and Schreyer).

vertical line of soil particles stained with the blue dye.

After the shear test was conducted, the deformation

pattern was measured by carefully scraping away the

compacted and deformed soil sample and then measuring the

coordinates of the exposed blue particles in reference to

the stationary shear box. This procedure for deformation

measurement was only performed once, and this test involved

/ I
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a low density McCormick sand, a high normal stress, and a

low velocity of deformation.

The deformation pattern measured is shown in Figure

5.30. This pattern indicates that, as Chen and Schreyer

suggested, a shear band will develop when the interface is

subjected to shear strain. Directly at the interface a 1.6

mm layer of fine sand particles and fine concrete particles

were observed. This may be compared to the maximum soil

particle diameter of 1.7 nu. This interface layer is

created by soil particles becoming embedded into the

relatively soft concrete surface during static normal load

application. As shearing is begun, a combination of soil

failure and surface concrete failure develops. The use of a

different concrete specimen, and thus a fresh layer of soft

concrete surface, could explain the strength ratio results

that indicated soil failure was occurring at the interface.
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CHAPTER 6

CONCLUSIONS AND RBCD ATICKS

6.1 Sumnary of Previous Literature

From previous literature it has been found that the

strength ratios resulting from experiments performed on dry

sand/rough concrete interfaces ranged between 0.75 and 1.0.

Experiments performed by Huck (14) using a torsional shear

ring device produced a strength ratio far below this range,

approximately 0.5. It is unknown whether this lower value

of the strength ratio is due to the use of the more accurate

torsional ring device or to experimental error. In

addition, the majority of the results from previous research

indicated that there were slight to no rate dependent

effects on the strength of dry sands and sand/concrete

interfaces. .

6.2 Conclusions

The strength of a sand/concrete interface is not rate

dependent within the shearing velocity range of 2.54

nu/second to 254. nmu/seconds. A slight decrease in strength

was observed with a decrease in sand density.

The strength ratio f. produced by dry sands/rough

concrete interfaces is much closer to 1.0 than predicted by

previous research. It is predicted that under high normal

pressures the soft layer on the outside surLace of a

concrete will significantly effect the interface strength.

%I
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The failure criterion can be represented by a single

failure mode. This is in contrast to the separate failure

modes of soil failure and interface failure suggested by

Huck (14). A comparison of results from this research to

results found by Huck is shown in Figure 6.1.

While strength of the interface is independent of the

shearing velocity, the post-peak behavior is rate dependent.

Post failure softening can be qualitatively explained by the

following trends:

- Softening increases with increasing density

- Softening decreases with increasing normal

stress

- Softening increases with increasing shearing

velocity.

The most predominant of these trends is the dependance on

normal stress. By extrapolation of the test data, it is

concluded that under high values of normal stress ( > 10

MPa) softening will change the friction angle less than 1

degree and that the dependence of the residual strength on

shearing velocity becomes insignificant.

Soil deformation near the interface creates a shear .

band as suggested by Chen and Schreyer (5).
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6.3 Recamendations

1. Failure criterion for a sand/concrete interface should

be modelled as being 0.9 to 1.0 times the friction

angle of the soil. This recommendation is made based

on the results from this experimental program as well

as the results from previous experimental programs. It

is anticipated that under large ranges of normal stress

( greater than 5 MPa ) the Mohr envelope will have to

be modified to account for the slight curvature in the

Mohr envelope of dense sands. This can be

accomplished, as shown in Figure 6.2, by conducting

triaxial tests on the soil using the full range of

confining stresses anticipated. This will result in a

curved Mohr envelope. To estimate the interface

strength it in suggested that the resulting failure

shear stress values be modified by the formula:

Ti= s'tan fv)(taft."1es/as (6.1)

where (as, s ) is a failure point from a triaxial test,

1a1,T i ) is the estimated failure point for the weaker

interface, and f0 is the interface strength ratio.

Plotting of these new data values produces the failure

curve for the sand/concrete idaterface. To model this
yp

nonlinear curve using the SAMSON2 code, the bi-linear

envelope shown in Figure 6.2 is suggested.

: . ~ * ~ *~ g. . . . . ~~ ~U ~ - ~
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2. It is recommended that post-failure response be

modelled using a perfectly-plastic model. Although

this type of modelling technique may not be

sufficiently accurate in simulating the shear response

during low magnitudes of interface normal stress, it

becomes more accurate as the normal stress increases.

This model is also very time efficient and easy to

program.

3. To model interface behavior using the slideline

technique currently in use at the AFWL, it is

recommended that interface nodes be bonded together ".

until interface failure occurs and that the post-

failure frictional transfer across the slideline be

simulated by the perfectly-plastic model. It is also

suggested that a sensitivity study be performed on the

parameters used in the SAMSON2 code to model the non-

linear pre-failure response of the interface. This

non-linear behavior is governed by a Drucker-Prager

failure surface and a non-associated flow rule for the

soil elements adjacent to the interface.

4. Future experimental programs should use the torsional

shear ring device. The use of the direct shear device

introduces a number of uncertainties and inaccuracies

(inhomogeneous shear stra', and axial deformation

distribution, effect of shear on sidewalls, gap size I
effects, etc). It is also recommended that soil

I
C

'p
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friction angles and interface friction angles be

determined using the same torsional ring device. This

will eliminate inaccuracies produced by comparison of

separate testing devices and methods.

I
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